Phase decomposition was studied during aging of an Fe-32 at%Cr alloy by means of TEM, hardness and the numerical solution of the linear Cahn-Hilliard differential partial equation using the explicit finite difference method. Results of the numerical simulation permitted to describe appropriately the mechanism, morphology and kinetics of phase decomposition during the isothermal aging of this alloy. The growth kinetics of phase decomposition was observed to be very slow during the early stages of aging and it increased considerably as the aging progressed. The morphology of decomposed phases consisted of an interconnected irregular shape with no preferential alignment for short aging times and a further aging caused the change to a plate shape of the decomposed Cr-rich phase aligned in the h110i directions of the Fe-rich matrix. The increase in hardness seems to be associated with the coherency and nanometer size of the spinodally-decomposed phases in the aged alloy.
Introduction
The Fe-Cr alloy system is the basis of a very important group of engineering materials, stainless steel family. 1) Fe-Cr alloy is susceptible to embrittlement when aged at temperatures in the range of 300 and 500
C. This embrittlement has been known as 475 C-embrittlement. It is attributed to the spinodal decomposition of the solid solution into an ultrafine mixture of () Cr-rich and Fe-rich (ferrite) phases. [2] [3] [4] [5] Many experimental techniques 6) have been used to study the decomposition process in binary Fe-Cr alloys. For instance SANS results have been used to validate spinodal decomposition theories. Vintaykin et al. 7) showed a good agreement between experimental results and the Cahn-Hilliard theory of spinodal decomposition. In contrast, several works 8, 9) reported that the decomposition kinetics can be described satisfactorily by the non linear theories of spinodal decomposition in this type of alloys. Besides, the phase decomposition has been also studied in Fe-Cr alloys by the Monte Carlo simulation. 10) Their results showed a good agreement with the results corresponding to a 3D AP-FIM analysis. However, there is ambiguity in time scale for comparison reasons. The use of phase field method 11, 12) has become a powerful tool to analyze the phase decomposition in binary and ternary alloy systems. This type of analysis has permitted to follow the microstructure evolution and growth kinetics of the decomposed phases in the early stages of aging. Honjo and Saito 11) employed the nonlinear Cahn-Hilliard equation to predict the microstructural evolution in Fe-40 at%Cr and Fe-40 at%Cr-3 at%Mo alloys and they pointed out that their results were consistent with the AP-FIM results. The linear Cahn-Hilliard equation can be also used for the simulation of the spinodal decomposition during the aging of Fe-Cr alloys. Furthermore, there are no simulation results of microstructural evolution in this type of alloys using this linear equation.
Thus, the goal of this work is to analyze the phase decomposition in an Fe-32 at%Cr alloy aged at 500 C for different times using the numerical simulation based on the linear Cahn-Hilliard equation and TEM observations of the same composition alloy after aging. Microstructural changes of phase decomposition are related to the precipitation hardening behavior in this type of alloys.
Numerical Procedure
The phase decomposition simulation was based on a numerical solution of the linear Cahn-Hilliard equation: 13, 14) @cðx; tÞ
where c i ðx; tÞ is the concentration as a function of distance x and time t, M is the atomic mobility, f is the local free energy, and is the gradient energy coefficient. Y is an elastic constant. The parameter is the lattice mismatch. The local energy f was defined using the regular solution model 11) by
where R is the gas constant, T is the absolute temperature. f Cr and f Fe are the molar free energy of pure Cr and Fe, respectively, and Fe-Cr is the interaction parameter. The atomic mobility M is related to the interdiffusion coefficient D D as follows:
The interdiffusion coefficient D D was defined 15) by
The gradient energy coefficient k was defined as proposed by Hilliard The lattice, diffusion, thermodynamic and elastic constants for the microstructural simulation in Fe-Cr alloys were taken from references 11, 16, 17) and they are shown in Table 1 . The effect of coherency elastic strain energy f el was taken into account in the phase decomposition of Fe-Cr alloys in spite of the similar lattice parameters of Cr and Fe, 11) and thus a small strain energy would be expected; nevertheless, it might affect the growth kinetics and morphology of the phase decomposition. This energy was introduced into the eq. (1), according to the simple definition proposed by Hilliard: 15) 
where A is the cross-sectional area, Y an elastic constant defined by the elastic stiffness constants, c 11 , c 12 and c 44 for the Cr-rich and Fe-rich phases. The parameter is equal to d ln a=dc and a is the lattice parameter. The Y value can be assumed similar to that corresponding to an isotropic material 15) and it is given by
c 11 ð8Þ
The elastic constants, c ij , were defined as follows:
The microstructural simulation was carried out using the explicit finite difference method with 101 Â 101 and 201 Â 201 points-square grits with a mesh size of 0.1 and 0.25 nm and a time-step size up to 10 s. The simulations were performed for the Fe-32 at%Cr alloy aged at 500 C for times from 0 to 1000 h. The aging temperature was selected because to phase decomposition occurs more rapidly. It is important to mention that the initial composition modulation corresponding to the solution treated sample was calculated using a random-number generator as proposed in reference.
11)

Experimental Procedure
An Fe-32%at Cr alloy was prepared by melting of pure Fe (99.99%) and Cr (99.99%). The ingot was homogenized at 1100 C for 240 h. Samples were encapsulated in quartz tubes under an argon atmosphere. Samples were solution treated at 1000
C for 2 h and subsequently quenched in water. The aging treatments were performed at 500 C for times from 10 to 500 h. Heat treated samples were observed with a TEM at 200 kV. TEM specimens were prepared by electropolishing with an electrolyte composed of 33 vol% nitric acid in methanol at À35
C. Vickers hardness with a load of 100 g was used to follow the hardening behavior. Figure 1 shows the calculated Cr concentration profiles of the Fe-32 at%Cr alloy aged at 500 C for different times. The condition of the solution treated sample corresponds to the concentration profile of 0 h. It can be noticed that the modulation amplitude increases with time at the early stages of aging. This fact confirms that the phase decomposition takes place by the spinodal decomposition mechanism [13] [14] [15] according to the following phase reaction: sss ! 1 ðFe-richÞ þ 2 ðCr-richÞ ð 10Þ
Results and Discussion
Concentration profiles
That is, the supersaturated solid solution decomposes into a mixture of Fe-rich and Cr-rich phases which is in agreement with the equilibrium Fe-Cr phase diagram.
18)
The maximum modulation amplitude can be observed to occur after 300 h of aging. The width of the modulation increases after 500 h of aging. This suggests that the coarsening of decomposed phases is already present. Besides, it can be observed that the concentration profile corresponding to 750 h of aging shows the presence of bifurcation. That is, the formation of a minimum in the center of modulation. This behavior has been observed in other works 12) and it has been associated with the change of sign from negative to positive in the
@c 2 value because of the concentration of the maximum amplitude is higher than that corresponding to the equilibrium one, miscibility gap.
Growth kinetics of phase decomposition
The plot of the mean wavelength of composition modulation as a function of time is shown in Fig. 2 for the Fe-32 at%Cr alloy aged at 500 C. The modulation wave- length was determined by means of correlation analysis 19) of the concentration profiles shown in Fig. 1 . This analysis is used to determine inter-particle distance in AP-FIM concentration profiles.
The kinetics growth rate of the wavelength variation with time can be analyzed with the following equation:
where k is a rate constant and n is the time exponent.
20) The time exponent n 1 for the early stages, up to 50 h, and that, n 2 , corresponding for longer times were determined to be about 0.11 and 0.35, respectively. The slow growth kinetics observed at the early stages has been associated with the spinodal decomposition since a coarsening process of clusters is expected to occur with a time exponent smaller than 0.1. 20) Hyde et al. 21) determined a time exponent of 0.1 for the concentration evolution in the Fe-45 mass%Cr alloy aged at 500 C by PoSAP technique. This value is in good agreement with that of present work. In contrast, the fast growth kinetics is associated with the coarsening stage of the decomposed phases since a time exponent of about 0.333 is predicted for the diffusion-controlled coarsening. 20) Brenner et al.
2) determined a value of modulation wavelength of about 4 nm by FIM in the Fe-32 at%Cr alloy aged 470 C for 50 h. Furthermore, Honjo and Saito 11) reported a modulation wavelength of about 3 nm in the numerical simulation of the aging at 500 C in a Fe-40 at%Cr alloy. Thus, the calculated wavelength values seem to be in the same magnitude order.
Microstructural evolution
The simulated microstructural evolution, based on Cr concentration, is shown in Figs. 3(a)-(f) for the Fe-32 at%Cr alloy aged at 500 C for different times. The dark and light gray zones correspond to the Cr-rich and Fe-rich phases, respectively. The morphology of the Cr-rich phase is interconnected and rounded irregular without any preferential alignment in the alloy aged for 10 h, Figs. 3(a) and (b) . This type of morphology has named isotropic and it has also been observed by FIM in the Fe-32 at%Cr alloy aged 470 C for different times. 2) As the aging progresses, it can be observed that the volume fraction and size of the Crrich phase increase, Fig. 3(c) and (d) . In addition, it can be noticed that the morphology of the Cr-rich phase changes to plates with a preferential alignment, Figs. 3(d)-(f) .
The Bright-Field TEM micrograph and its corresponding electron diffraction pattern of the Fe-32 at%Cr alloy after solution treatment are shown in Fig. 4(a) . There is no phase decomposition in the supersaturated solid solution with a bcc crystalline structure. Wavelength, Fig. 3 Simulated microstructural evolution for the Fe-32 at%Cr alloy aged at 500 C for different times.
samples aged at 500 C for 50 and 500 h, respectively. It is noticed that the phase decomposition already took place. The electron spots corresponding to the Cr-rich and Fe-rich phases are overlapped due to the same bcc crystalline structure and similar lattice parameter. This also indicates a coherent interface between the decomposed phases. The morphology of the Cr-rich phase is rounded irregular for the sample aged for 5 h and it changes to plates aligned in the h110i crystallographic directions of the Fe-rich matrix phase after aging for 500 h. The alignment in this crystallographic direction of the Fe-rich phase can be attributed to its lowest coherency-stain energy. 15) This microstructure change is similar to that described in the simulated microstructure, Figs. 3(a)-(f) .
Hardening behavior
The plot of Vickers hardness as a function of aging time is shown in Fig. 5 for the Fe-32 at%Cr alloy aged at 500 C. It can be noticed that there is a sudden increase in hardness at the early stages of aging and then hardness increases gradually for prolonged aging. The notorious increase in hardness seems to be related with the spinodal decomposition of the supersaturated solid solution into a mixture of Cr-rich and Fe-rich phases. The decomposed phases are coherent each other with nanometer size. Besides, the hardness is expected to be proportional to the wavelength of modulation composition, 2) that is the size of the decomposed phases which increases with aging time. These two features may cause such an increase in hardness. 6) For prolonged aging, the decomposed phases are in the coarsening stage, but they are still coherent and nanometer size and thus there is no decrease in hardness. A decrease in hardness would be expected if the decomposed phases were incoherent and size of microns. 3, 6) 
Conclusions
The study of phase decomposition in the aged Fe-32 at%Cr alloy showed that the growth kinetics of phase decomposition was observed to occur with a very slow growth kinetics during the spinodal decomposition of the supersaturated solid solution into a mixture of Cr-rich and Fe-rich phases. A further aging caused an increase in growth kinetics because of the diffusion-controlled coarsening of the decomposed phases. The morphology of decomposed phases consisted of an interconnected and rounded irregular shape with no preferential alignment for short aging times and as a result of aging, it changed to a plate shape of the decomposed Cr-rich phase aligned in the h110i directions of the Fe-rich matrix. The increase in hardness seems to be associated with the coherency and nanometer size of the spinodally-decomposed phases in the aged alloy. 
